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z ’  INTRODUCTION - 
The absence of an  o p t i c a l  instrument  capable  of r e s o l v i n g  

f i n e  d e t a i l s  of i r r egu la r  surfaces a t  magni f ica t ions  g r e a t e r  
t han  lOOX h a s  long been a s i g n i f i c a n t  d e t e r r e n t  t o  d e f i n i t i v e  
s t u d i e s  of t h e s e  objects,  The o p t i c a l  microscope has a very 
shaLlow depth of  f i e l d ,  a r e s o l u t i o n  of  t h e  o r d e r  o f  3500j., 
and i s  l i m i t e d  i n  p r a c t i c a l  magnif$cat ion t o  l e s s  than  2000X.  
Furthermore,  its depth of f i e l d ,  whi le  never  i d e a l ,  dec reases  

, markedly wi th  i n c r e a s i n g  magni f ica t ion ,  A s  a r e s u l t ,  t he  
\ o p t i c a l  microscope is of very  l i m i t e d  va lue  a t  magn i f i ca t ions  
i g r e a t e r  t h a n  20OX i f  t h e  - sur face  under examination i s  riot 
\ p l a n a r ,  Transmission e l e c t r o n  microscopes,  on t h e  o t h e r  hand, 
have excep t iona l  r e s o l v i n g  power (<101) E a r e  capable  of very  

depth of f i e l d .  However, t h i s  instrument  cannot be used t o  
examine all specimens d i r e c t l y .  A r e p l i c a  o f  t h e  s u r f a c e  mus t  
be made and it i s  t h i s  r e p l i c a  t h a t  i s  examined, n o t  t h e  
o r i g i n a l  sample. While t h e  a r t  of replica-making h a s  reached 
a high  level of s o p h i s t i c a t i o n ,  it i s  n o t  always p r a c 2 i c a l  o r  
even p o s s i b l e  t o  make a r e p l i c a . 1  Consequently,  a d e f i n i t e  
gap h a s  e x i s t e d  i n  a n a l y t i c a l  ins t ruments  a v a i l a b l e  i n  t h i s  
area. 

. h igh  magn i f i ca t ions  (>15O, OOOX) , and have reasonably good 

These l i m i t a t i o n s  have, t o  a great  e x t e n t ,  been overcone 
wi th  t h e  development of t h e  scanning e l e c t r o n  microscope (SEX) 
as a comnerc ia l ly  a v a i l a b l e  instrument .  Since t h e  manufacture 
of t h e  f i rs t  p r a c t i c a l  SEM in t h e  ear ly   SO'S,^ t h e  app l i ca -  
t i o n s  of t h e  microscope have been i n c r e a s i n g  rzipidly, l i m i t e d ,  
u n t i l  r e c e n t l y ,  primarily b y  instrument  s c a r c i t y ,  

d 



The d e t a i l e d  theory  of t h e  SEM i s  covered f u l l y  i n  
Advanced E l e c t r o n i c s  and Elec t ron  Physics;  however, i n  brief 
t h e  o p e r a t i o n  can be descr ibed as follows, Elec t rons  a r e  
the rmion ica l ly  emit ted from a hea ted  tungs t en  f i l amen t  and 
a c c e l e r a t e d  by means of an e l e c t r o n  gun whose potentiai can 
be var i ed  from 1 t o  20kv- These e l e c t r o n s  ( e l e c t r o n  beam) are  
focused on t h e  sample by t h r e e  e lec t romagnet ic  l enses  (some 
microscopes u s e  two lenses)  and p a s s  through t h r e e  co l l ima t ing  
o p e r t u r e  d i s k s  (Figure 1). A scanning co i l  i s  also 
incorpora ted  i n t o  t h e  column so tha t  t h e  e l e c t r o n  b e a m  can be 
scanned over  a g iven  a r e a $ o n  t h e  target  sample, The s i z e  of 
t h e  area is c o n t r o l l e d  b y ' a d j u s t i n g  t h e  amplitude of t h e  
scanning v o l t a g e s  and t h i s  v a r i a t i o n  i n  scanning a r e a  deter- 
mines t h e  magni f ica t ion  of t h e  microscope. The primary 
e l e c t r o n s  ( e l e c t r o n  beam) are e i t h e r  absorbed o r  r e f l e c t e d  by  
t h e  specimen su r face .  The r e f l e c t e d  e l e c t r o n s  lo se  very  
l i t t l e  of t h e i r  energy and l e a v e  the s u r f a c e  i n  a d i r e c t  p a t h  
dependent upon t h e  angle  of incidence,  The absorbed e l e c t r o n s  
l o s e  t h e i r  energy by ion iz ing  t h e  atoms of  t h e  sample and 
forming e lec t ron-hole  p a i r s .  The depth of p e n e t r a t i o n  of  t h e  
primary beam i s  dependent upon both i t s  i n i t i a l  energy and t h e  
composition of t h e  sample m a t e r i a l ,  These f r e e  e n e r g e t i c  

\ , e l e c t r o n s  (ap2roximately 2000 f r e e  e l e c t r o n s  per each s i n g l e  
\lOkv primary e l ec t ron4)  d i f f u s e  randomly w i t h i n  t h e  sample. 
Most of t h e  e l e c t r o n s  reeotrbine wi th  f r e e  h o l e s  b u t  some 
keach t h e  s u r f a c e  wi th  s u f f i c i e n t  energy t o  overcome t h e  s u r -  
face b a r r i e r  p o t e n t i a l  and are t h u s  emi t t ed  as  l o w  energy 
(1-5 ev.) secondary e l e c t r o n s ,  This  secondary emission y i e l d  
i s  determined by  t h e  ang le  of incidence,  d e n s i t y  of  t h e  
t a r g e t ,  and t h e  topography of t h e  su r face .  

\ 

An e l e c t r o n  c o l l e c t i o n  appa ra tus  i s  p laced  close t o  the 
t a r g e t  and i s  b i a s e d  a t  -t (200-250) v o l t s .  Th i s  vo l t age  is 
s u f f i c i e n t  t o  a t t r a c t  t h e  secondary e l e c t r o n s  .emit ted by t h e  c 
sample b u t  too w e a k  t o  in f luence  e i t h e r  t h e  primary beam o r  
t h e  r e f l e c t e d  e l e c t r o n s .  The o u t p u t  of t h i s  c o l l e c t o r -  
a m p l i f i e r  system i s  f ed  i n t o  a long-pers i s tence  grey-scale  
o s c i l ~ o s c o p e  i n  syncronism wi th  t h e  scanning primary bean. 
This  r e s u l t s  i n  a v i sua l  p r e s e n t a t i o n  on t h e  cathode r ay  t u b e  
(CRT) screen, Each p o i n t  on the  screen has a b r i g h t n e s s  



p r o p o r t i o n a l  t o  t h e  nurrber of  secondary e l e c t r o n s  e a i t t e d  by 
t h e  t a r g e t  where t h e  primary beam impinged. The r e s u l t a n t  
p i c t u r e  i s  a high q u a l i t y  r e p r e s e n t a t i o n  of t h e  t a r g e t  sur -  
f ace  wi th  cons iderable  depth of f i e l d  ( e l e c t r o n  t r a j e c t o r y  
approximately 1 degree f r o m  o p t i c  a x i s )  , high r e s o l u t i o n  
(depending on  t h e  s i z e  of t h e  focused bean, <5001), and a 

wide magni f ica t ion  range (depending on t h e  ra t io  of t h e  CRT 
screen  s i z e  to t h e  area of t h e  primary beam scan,  2 0 X  t o  
100, OOOX) * 

A word should be given he re  conceni ing t h e  examination 
of i n s u l a t i n g  ma te r i a l s .  As explained above, t h e  e l e c t r o n s  
ion ized  by t h e  primary b e a m  d i f f u s e  randomly w i t h i n  t h e  
sample, some recombining wi th  f r e e  h o l e s ,  many o t h e r s  going 
t o  ground, e tc .  However, t h i s  presupposes a reasonable  
m o b i l i t y  f o r  t h e  e l e c t r o n s  which i s  n o t  t h e  case i n  a n  
i n s u l a t o r .  A s  a r e s u l t ,  excess  charge cannot be  dra ined  o f f  
t o  ground and t h e  su r face  w i l l  charge nega t ive ly  o r  
p o s i t i v e l y  depending on whether t he  secondary e l e c t r o n  y i e l d  
is p o s i t i v e  o r  neg%tive.5 To overcome this problem 
electrical i n s u l a t o r s  a r e  e i t h e r  coated wi th  an a n t i s t a t i c  
l i q u i d  p r i o r  t o  i n s e r t i o n  i n t o  t h e  vacuum chaniber o r  are 
coa.ted with a t h i n  f i l m  ( ~ 5 0 0 i )  of  alumi-num o r  gold ,  

APPLICATIONS 
-I_ 

With t h e  a v a i l a b i l i t y  of t h i s  instrument  i n  t h e  GSFC 
f a i l u r e  a n a l y s i s  l a b o r a t o r i e s ,  a cons ide rab le  number of 
d i f f e r e n t  t ypes  of samples have been examined. I n  many c a s e s  
i n v e s t i g a t i o n s  w e r e  accomplished which h i t h e r t o  were e i t h e r  
impossible. o r  extremely d i f f i c u l t .  
s t u d i e s  of anomalies i n  semiconductor dev ices ,  which 
inc luded  such common f a i l u r e  modes as  e l e c t r i c a l  opens i n  
evaporated in t e rconnec t s  and microcracks i n  wi re  bonds.  
o t h e r  i n v e s t i g a t i o n s  covered such d i v e r s e  r e l i a b i l i t y  problems 
as  t h e  su r face  q u a l i t y  of ba l l -bea r ings .  Eowever, t h e  use fu l -  
ness  of t h e  SEN has  not  been confined s o l e l y  t o  a r e a s  of  
component r e l i a b i l i t y .  On t h e  c o n t r a r y ,  a cons ide rab le  
'por t ion  of the SEN e f f o r t  has been d i r e c t e d  toward so lv ing  
problems f o r  o t h e r  groups w i t h i n  GSFC, o t h e r  XASA c e n t e r s ,  
v a r i s u s .  government l .aboratar ies ,  i n d u s t r i a l  concerns,  and 
u n i v e r s i t i e s .  S tud ie s  for t h e s e  o r g a n i z a t i o n s  have included 

Primary among t h e s e  w e r e  

-_ 
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such d i v e r s e  subjects as  t h e  s tudy of mic roc ra t e r s  formed i n  
t h i n  m e t a l  f o i l s  as  a r e s u l t  or' high  energy bombardnent by 
micron-size p a r t i c l e s ,  t h e  i n v e s t i g a t i o n  of m e t e o r i t e  surgaces ,  
t h e  a p p l i c a t i o n  of t h e  SEN t o  t h e  s tudy  of  v a r i o u s  paleonto- 
l o g i c a l  specimens, and t h e  phys io log ica l  i n v e s t i g a t i o n s  of  
the chenorecept ive  ha i r s  of Yne b l o w  f l y .  

Semiconductor S t u d i e s  

I, Elec t r ica l  Opens 

Electr ical  d i s c o n t i n u i t i e s  i n  t he '  evaporated i n t e r -  
connec ts  of t r a n s i s t o r s  and i n t e g r a t e d  c i r c u i t s  has  long been 
a problem t o  bo th  t h e  manufacturer and t h e  use r .  These 
d i s c o n t i n u i t i e s  r e s u l t  from a v a r i e t y  of causes ,  e , g , ,  
mechanical scratches due t o  mishandling, d i r t  p a r t i c l e s  
irtibedded i n  t h e  p h o t o r e s i s t ,  e lec t r ica l  o v e r s t r e s s ,  and 
v a r i o u s  t e c h n i c a l  problems a s s o c i a t e d  wi th  t h e  evapora t ion  
process  o r  t h e  e t ch ing  s t e p ,  Q u i t e  o f t e n  t h e s e  f a u l t s  a r e  
s i t u a t e d  a long  t h e  p l a n a r  surface of t h e  device,  and, i f  t h e y  
are  n o t  too small ,  a r e  r e a d i l y  dise 'ernible  wi th  o p t i c a l  
microscopes. More s u b t l e  i s  when t h e  open occurs a t  a s t e p  
i n  t h e  s i l i c o n  d ioxide  l a y e r ?  H e r e  t h e  f a i l u r e  e x i s t s  a t  a 
p o s i t i o n  of nonp lana r i ty  and t h e  lack  of a u s e f u l  depth of 
f i e l d  a t  t h e  necessary  magni f ica t ions  r ende r s  t h e  o p t i c a l  
microscope of l i t t l e  value i n  v e r i f y i n g  t h e  f a i l u r e  mode. 
For  reasons  expla ined  p rev ious ly  t h i s  lack of  p l a n a r i t y  i s  of 
no consequence t o  t h e  SEM and t h e  p o i n t  of f a i l u r e  i s  e a s i l y  
loca t ed ,  T h i s  i s  r e a d i l y  apparent  from Figure  2 where bo th  
an  o p t i c a l  and SEM photographs o f  a n  e l e c t r i c a l  open i n  a 
t r a n s i s t o r  are i l l u s t r a t e d ,  Figure 2a, t h e  o p t i c a l  photo- 
micrograph, g i v e s  v i v i d  example of  t h e  power of t h e  o p t i c a l  
microscope i n  t h e  hands of a competent microscopis t ,  The 
d e t a i l  of t h e  p l a n a r  t r a n s i s t o r  and t h e  aluminum s t r i p s  a r e  
c lear  and of great  va lue  i n  most s t u d i e s ,  However, t h e r e  are  
no d e t a i l s  i n  t h e  aluminum f i l m  a t  t h e  oxide  s t e p ,  and any 
a t t empt  t o  tilt t h e  u n i t  t o  be t te r  d e f i n e  t h e  s t e p  a t  t h a t  
p a r t i c u l a r  s i t e  r e s u l t s  i n  b l u r r e d  inages  of l i m i t e d  va lue ,  
The SEM photograph (F igure  2b) demonstrates  very  v i v i d l y  t h e  
opens around t h e  pe r iphe ry  of t h e  window i n  t h e  oxide  l aye r .  
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2 .  Bond Problems 

The i n t e g r i t y  of t h e  w i r e  bonds u s e d  i n  semiconduc- 
t o r  dev ices  h a s  long been one of t h e  more s e r i o u s  r e l i a b i l i t y  
problems a s s o c i a t e d  w i t h  these  dev ices .  Consequently, much 
s tudy  h a s  b e e n  d i r e c t e d  t o w a r d  t h e  de t e rmina t ion  and the 
c o r r e c t i o n  o f  t h e  f a i l u r e  modes r e s p o n s i b l e  for these 
problems. Unfo r tuna te ly ,  t h e s e  bonds,  because o f  t h e i r  s i z e  
(0.001'' - 0.005" i n  d i a m e t e r ) ,  shape (three d i m e n s i o n a l ) ,  
and p o s i t i o n i n g  i n  t h e  dev ice  header ,  are  n o t  e a s i l y  
examined. Most p rev ious  s t u d i e s  have e n t a i l e d  cross 
s e c t i o n i n g  techniques3  which, whi le  making cons ide rab le  
p r o g r e s s  i n  t h e  unders tanding  of t h e  m e t a l l u r g i c a l  a s p e c t s ,  
w e r e  d e s t r u c t i v e  i n  n a t u r e  and had no way of c o r r e l a t i n g  
r e s u l t s  with t h e  o r i g i n a l  v i s u a l  c o n d i t i o n  of t h e  bond.  

High q u a l i t y  v i s u a l  examination and/or photogr?aphs 
of t h e s e  bonds are now r e a d i l y  a v a i l a b l e  us ing  t h e  SEN.C. 
Photographs have  been t aken  a t  magn i f i ca t ions  i n  t h e  range of 
2 0 0 X  t o  2500X and s i g n i f i c a n t  d e t a i l s  have been r e so ived  
which could wel l  be cont r ibu t img f a c t o r s  towards t h e  f a i l u r e s  
a s s o c i a t e d  wi th  t h e s e  bonds. Microcracks,  i n t e r m e t a l l i c  
format ions ,  and extreme r a t i o s  of bond size t o  wire s i z e  a r e  
some of  t h e  more common anomalies seen.  T h i s  t y p e  of v i s u a l  
evidence,  t o g e t h e r  with informat ion  f r o m  p u l l  t es t s ,  cross 
s e c t i o n s ,  e t c . ,  could w e l l  prove i n s t r u m e n t a l  i n  d e f i n i t i v e l y  
p i n p o i n t i n g  t h e  cause  of many bond f a i l u r e s .  F igu re  3 
i l l u s t r a t e s  t h e  d i f f e r e n c e  i n  photographic  r e s u l t s  a v a i l a b l e  
us ing  op t i ca l  microscopes and t h e  SEN. 

Bal l -bear inq  Surf  aces 

The importance of c l e a n l i n e s s  i n  t h e  manufacture of 
p r e c i s i o n  b a l l - b e a r i n g s  i s  ev iden t  from t h e  e l a b o r a t e  "c i ean  

~ rooms" used by  m o s t  manufacturing companies. A l s o  of g r e a t  
importance i s  t h e  c o n d i t i o n  of ( q u a l i t y  of )  t h e  s u r f a c e  of 
t h e  b a l l  i t s e l f .  Excessive s c r a t c h e s  o r  i r r e g u l a r i t i e s  must 
be avoided. Unfo r tuna te ly ,  t h e  b a l l ,  be ing  s m a l l  and 
s p h e r i c a l  i n  shape,  h a s  posed problems s imi l a r  t o  t h o s e  
experienced wi th  semiconductor bonds. I n  t h i s  c a s e ,  t h e  
d i f f i c u l t y  i s  compounded by bo th  t h e  un i fo rmi ty  of t he  s u r f a c e  
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and t h e  cont inuously varying s lope  of t h e  su r face ,  T h i s  
f a t t e r  case  causes extreme d i f f i c u l t y  i n  ob ta in ing  proper  
i l l umina t ion  (Figure 4) Again, a l though some minor 
d i f f i c u l t y  occurs  due  to e l e c t r o n s  r e f l e c t i n g  from t h e  s u r f a c e  
of t h e  b a l l ,  very s a t i s f a c t o r y  SEN photographs are p o s s i b l e  
(F igure  4) .  A s  a r e s u l t ,  visual.  q u a l i t y  c o n t r o l  i n spec t ion  
a t  magni f ica t ions  > l O O O X  i s  now poss ib le  of  t h e s e  bal l -  
bear ings .  

Mic roc ra t s r s  

I n v e s t i g a t i o n s  are  be ing  conducted a t  s e v e r a l  
l a b o r a t o r i e s  on methods of measuring t h e  s i z e  and momentum 
of microscopic,  high-energy p a r t i c l e s ,  e.g, , micrometeori tes .  
One method i s  t o  bombard a t h i n  m e t a l  foil wi th  t h e s e  
p a r t i c l e s  and measure the .d i ame te r  and depth of t h e  hole .  
Since t h e s e  p a r t i c l e s  range i n  s i z e  from l micron t o  10 
microns i n  diameter  and form holes i n  t h e  metal  f o i l s  which 
are  q u i t e  deep r e l a t i v e  t o  t h e  p a r t i c l e  diameter ,  some tyge  
of e l e c t r o n  microscopy i s  necessary f o r  any meaningful s tudy,  

s u r f a c e  and use t ransmiss ion  e l e c t r o n  microscopy. F igure  5a 
shows microphotographs taken using an  sp"tj-ca1 microscope 
whi le  F igure  5b demonstrates t h e  d e t a i l s  us ing  t h e  SEM. I t  
i s  q u i t e  obvious t h a t  no t  o n l y  can t h e  diameter  of t h e  h o l e  
be measured from t h i s  type o f  photograph, b u t  by us ing  two 
SEM photographs,  each taken a t  a d i f f e r e n t  ang le  (68x5 ' )  of 
tilt of t h e  substrate t a r g e t ,  t h e  depth of t h e  h o l e  can be 
computed using t h e  methods popular  wi th  ae r i a l  photography, 

3 - >  
NASA CR-768,Z covers i n  f u l l  a t t empt s  t o  r e p l i c a t e  t h e  -%I 

N e t e o r i t e  Surface 

There has been much specu la t ion  concerning t h e  metal- 
l u r g i c a l  make-up of  me teo r i t e s .  I n v e s t i g a t i o n s  are  be ing  
conducted a t  GSFC and t h e  s u r f a c e  of  t h e  m e t e o r i t e s  are be ing  
s tud ied  i n  some d e t a i l .  I n  o r d e r  ta g e t  h igh  q u a l i t y ,  high 
magni f ica t ion  su r face  p i c t u r e s  t h e  SEN h a s  aga in  been used. 
q'igure 6 i s  a SEN photograph of a m e t e o r i t e  s u r f a c e  showing 
t h e  d i f f e r e n t  meta l lographic  phases  of i r o n  and n i c k e l  
e x i s t i n g  w i t h i n  t h e  me teo r i t e ,  The d i f f e r e n t  phases  were 
isolated' by etching.  t 

-6- -. 



Pa leon to log ica l  S tudies  

P a l e o n t o l o g i s t s  have been s tudying minute specimens 
f o r  c e n t u r i e s ,  Many of t h e s e  have posed i d e n t i c a l  problems 
as t h e  bond s t u d i e s  t o  semiconductor engineers  and ba l i -  
b e a r i n g s  t o  mechanical engineers ,  The unique pro5lem of t h e  
p a l e o n t o l o g i s t ,  however, i s  t h a t  t h e s e  f o s s i l s ,  e t c , ,  must 
b e  sketched and catalogued r e g a r d l e s s  of t h e  shortcomings of 
t h e i r  o p t i c a l  microscopes o r  d i f f i c u l t i e s  associated wit:? 
r e p l i c a s .  Here t h e  use of t h e  SEN should make a huge insact 
on t h e  ope ra t ions  as  they  now must be performed,? 

Where prev ious ly  many i l l u s t r a t i o n s  of p a l e o n t o l o g i c a l  
specimens had t o  b e  l abor ious ly  hand drawn whi le  viewed 
through microscopes,  SEM photographs can be taken e a s i l y  and 
quick ly .  I n  a d d i t i o n ,  because of t h e  depth of f i e l d  and 
r e s o l u t i o n  of t h e  SEM, t h e s e  photographs con ta in  a 
cons iderable  amount of d e t a i l  (Figure 7) t h a t  p rev ious ly  was 
unobservable,  and t h i s  should r e s u l t  i n  r,ew i n s i g h t s  i n t o  
t h e  make-up and/or o r i g i n  of many specimens, 

The above t e s t s  and i l l u s t r a t i o n s  g i v e  v i v i d  dernonstra- 
t i o n s  of n o t  on ly  t h e  unique a b i l i t i e s  of t h e  SEN b u t  a l s o  
of  t h e  wide a p p l i c a t i o n  o f  t h e  instrument .  I t s  u s e f u l n e s s  
as a t o o l  i n  f a i l u r e  a n a l y s i s  s t u d i e s  h a s  a l r e a d y  been amply 
v e r i f i e d  i n  t h e  f a i l u r e  a n a l y s i s  l a b o r a t o r i e s  at GSFC. The 
enthusiasm manifested by  u s e r s  encompassing many d i s c i p l i n e s  
has  f u r t h e r  a t t e s t e d  t o  t h e  importance and t h e  p o t e n t i a l  
impact of t h i s  instrument ,  The s t u d i e s  o f  semiconductor 
f a i l u r e  modes and pa leon to log ica l  specimens have been 
e s p e c i a l l y  en l igh ten ing  a s  t h e  r e s u l t ' s  so f a r  have uncovered 
cons ide rab le  d e t a i l s  t h a t  h i t h e r t o  w e r e  unknown. It might 
be s a i d  t h a t  t h e  r e s u l t s  achieved i n  t h e  s h o r t  t ime SEM h a s  
been i n  ope ra t ion  a t  GSFC h a s  only begun t o  t e s t  t h e  
c a p a b i l i t y  of t h i s  instrument ,  
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Figure 1 .  Schematic of the Scanning Electron Microscope 



/Figure 2. Comparison of Opticcaf and Scanning Electron Microscope Photographs 
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F i g u r e  3 .  Comparj-son of O p t i c a l  and Scann ing  E l e c t r o n  
Kicroscope Photographs of a G o l d  to A l u m i n u m  
B a l l  Bond 
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(b) SEM Photograph, 26 X (c) SEM Photograph, 2000 X 

Figure 4, Bail Bearing Studies 
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(a) Optical Photograph, za 1000 X 
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Figure 5, Optical and SEA4 Pnotographs of Microcraters in  Metal  Foil 
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(a) Foraminifer Fossil, 250 X, (Optical) 
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@) Radiolaria Fossil, 550 X, (SEMI 


